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Protein tyrosine kinase activity has been implicated as part of the signaling mechanism leading to the sperm-induced
calcium transient following fertilization. In the present study, we have tested the role of the Fyn kinase in triggering the
calcium transient by microinjecting domain-specific fusion proteins encoding regions of Fyn sequence as inhibitors of Fyn
function in vivo. A fusion protein encoding the SH2 domain of Fyn caused an increase in the latent period between
perm–egg fusion and the beginning of the calcium transient and reduced the amplitude of the calcium signal. A fusion
rotein encoding the U 1 SH3 domains also caused a small increase in the latent period. Microscopic examination revealed
hat a large percentage of eggs injected with the U1SH3 or SH2 domains became polyspermic as a result of the delayed block
to polyspermy. Affinity experiments demonstrated that the U1SH3 and SH2 domains of Fyn were capable of forming a
stable complex with phospholipase Cg from the sea urchin egg. The results suggest that the Fyn kinase participates in the
ignaling events leading up to the calcium transient and may directly regulate phospholipase Cg activity at
ertilization. © 2000 Academic Press
Key Words: sea urchin; egg activation; Fyn kinase; calcium; signal transduction.INTRODUCTION progress has been made in identifying the protein tyrosine
kinases that are active during the egg activation process.
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eFertilization is known to initiate a series of signal trans-
duction pathways in the egg that stimulate multiple cellu-
lar systems leading ultimately to resumption of the cell
cycle and execution of the developmental pathway (Epel,
1990). The set of signaling pathways that function during
egg activation include signal transduction components
common to mitogenic processes in many other cell types,
although the egg also utilizes rather specialized responses
such as the block to polyspermy and the sperm incorpora-
tion process. Early evidence demonstrated that egg activa-
tion involved stimulation of several protein kinases (Keller
et al., 1980; Pelech et al., 1988; Heinecke and Shapiro, 1990)
including several protein tyrosine kinases (PTKs)2 (Satoh
nd Garbers, 1985; Peaucellier et al., 1988). Significant
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2 Abbreviations used: TCA, trichloracetic acid; InsP3, inositol
1,4,5P3; cADPr, cyclic ADP ribose; GTPgS, guanosine 59-O-(thiot-
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All rights of reproduction in any form reserved.Cytosolic protein tyrosine kinases known to be expressed
in eggs include c-Abl (Iwaoki et al., 1993; Moore and
insey, 1994) and the Src family members c-Src (Schartl and
arnekow, 1984; Bennett and Hoffmann, 1992; Sato et al.,
999), c-Fyn (Steele et al., 1990; Kinsey, 1996), c-Yes (Steele
t al., 1989), and AcSrc1 (Sakuma et al., 1997; Onodera et
al., 1999). Receptor type kinases expressed in eggs include
the insulin receptor, FGF receptor, and c-Kit (Maller, 1990;
Musci et al., 1990; Horie et al., 1991). While pharmacolog-
ical studies have indicated a role for PTKs in triggering the
sperm-induced calcium transient (Shen et al., 1999; Glahn
et al., 1999), initiating pronuclear migration, DNA synthe-
sis, and mitosis (Moore and Kinsey, 1995; Wright and
Schatten, 1995; Ueki and Yokosawa, 1997), there is very
little evidence linking an individual protein kinase to a
specific function during egg activation. Microinjection
riphosphate); BSA, bovine serum albumin; P-Tyr, phospho-L-ty-
rosine; Pipes, piperazine-N,N-bis(2-ethanesulfonic acid); PTK, pro-
tein tyrosine kinase; IPTG, isopropylthio-b-D-galactoside.253
studies using the constitutively active viral form of c-Src
kinase implicated this enzyme in controlling S6 kinase,
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254 Kinsey and ShenmRNA translation, and the cytoskeleton (Spivack and
Maller, 1985; Unger and Steele, 1992). Recent studies using
GST fusion proteins containing various SH2 domains have
provided evidence for a role for Src-family PTKs in trigger-
ing the sperm-induced calcium transient that, in turn,
induces the cortical reaction and the late block to
polyspermy (Carroll et al., 1999; Giusti et al., 1999a; Abassi
t al., 2000). Further evidence for this pathway has been
rovided by microinjection of an N-terminal deletion mu-
ant of c-Src which triggered a calcium transient and
ubsequent activation of starfish eggs (Giusti et al., 2000).
In the present study, we have used fusion proteins encoding
several different domains, including the U, SH3, and SH2
domains, of the Fyn protein kinase to study the function of
this kinase in egg activation.
The Fyn protein kinase is expressed at low levels in most
somatic cells and has been identified at the mRNA and
protein levels in eggs of mammals, amphibians, and the
echinoderm (Steele et al., 1990; Kinsey, 1997). Subcellular
localization studies demonstrated that this enzyme was
localized to the egg cortex and to microtubule arrays
associated with the meiotic and mitotic spindle (Talmor et
al., 1998). The Fyn protein kinase, like most Src family
members, makes use of the U, SH2, and SH3 domains to
participate in protein–protein interactions that are essential
for the function of the enzyme. The U or “unique” domain
consists of the N-terminal 80 amino acids. This region
exhibits the greatest diversity among Src family members
and is considered important in providing specificity of
function among these closely related enzymes (Superti-
Furga and Courtneidge, 1995). The SH2 and SH3 domains
function in protein–protein interactions involving consen-
sus P-Tyr-containing (SH2) or proline-rich (SH3) motifs.
These protein interaction domains of Src family kinases are
essential for the function of these enzymes, and earlier
studies (see Discussion) demonstrated that fusion proteins
containing these domains could act as dominant-negative
inhibitors of kinase function by competing with the native
enzyme for protein–protein interactions with potential sub-
strates or upstream regulatory factors. We have applied this
technique to the fertilization system by microinjecting sea
urchin eggs with GST fusion proteins duplicating the U,
U1SH3, SH3, and SH2 domain of the Fyn-B isoform and
then monitoring the effect on the different aspects of egg
activation. The results indicate that Fyn plays a role up-
stream of the sperm-induced calcium transient and is
important in establishing the block to polyspermy.
A second approach, which enabled us to study the spe-
cific enzyme pathways in the sea urchin egg that might be
regulated by Fyn, included use of the fusion proteins as
affinity reagents to purify Fyn-associating proteins from egg
extracts. We found that PLCg interacted strongly with
usion proteins containing either the U1SH3 domain or the
H2 domain of Fyn. Taken together, both the biological and
he biochemical properties of Fyn domain-specific fusionCopyright © 2000 by Academic Press. All rightith PLCg.
MATERIALS AND METHODS
Materials
The sea urchins Lytechinus pictus and Lytechinus variegatus
were obtained from Marinus, Inc. (Long Beach, CA) and Sue Decker
(Miami, FL), respectively. Eggs were obtained by injection of 0.5 M
KCl into the coelomic cavity and shed into artificial seawater
(ASW; Marine Enterprizes, Int., Baltimore, MD) and dejellied by
passage through Nytex cloth, washed, and suspended in ASW.
Dejellied eggs were kept at 16–18°C in suspension by constant
stirring at 60 rpm until use. Sperm were collected dry and stored at
4°C until use.
Buffers
PKME buffer was 425 mM KCl, 50 mM Pipes, 10 mM MgCl2, 10
mM EGTA, 10 mM Na3VO4, 0.1 mg/ml SBTI (Sigma, St. Louis,
O), and 0.1 mg/ml aprotinin (Sigma), pH 6.8. PLC buffer was 50
M NaH2PO4, 100 mM KCl, 1 mM EGTA, pH 6.8. Solubilization
uffer was PLC buffer with 1% octylglucoside, 100 mM Na3VO4, 10
mM phenylarsine oxide, and 1% n-octyl b-D-glucopyranoside. KPS
buffer was 150 mM KCl, 3 mM NaCl, 10 mM KH2PO4, pH 6.8.
GST Fusion Proteins
Regions of the c-fyn and c-src cDNA cloned from oocytes of
Xenopus laevis (Steele et al., 1990) were amplified by PCR using
Pfu polymerase (Stratagene, La Jolla, CA). The primers used to
amplify c-fyn sequences are described in Fig. 1, and the primers
used to amplify the U1SH3 domain of c-src were sense, 59
TAGAATTCAATGGGTGCCACTAAAAGTAAGCC 39 and anti-
sense, 59 ATGCTCGAGTACCACTCTTCAGCCTGAATGGA 39.
Amplimers were cloned into the pGEX-4T-3 expression vector
(Pharmacia Biotech, Piscataway, NJ), which was then used to
transform Escherichia coli (BL-21). Fusion protein synthesis was
induced with IPTG and the resulting protein was purified by
adsorption to glutathione Sepharose (GST Technical Manual; Phar-
macia Biotech). In some experiments, the GST–Fyn-SH2 fusion
protein was further purified by chromatography on a Bio-Rad
HPHT column equilibrated with 10 mM KH2PO4, pH 6.8, and
luted with a linear gradient of 0.01 to 0.5 M KH2PO4.
For microinjection studies, fusion proteins were dialyzed against
KPS buffer and then concentrated using an Ultrafree-MC 10K
cutoff centrifugal concentration cell (Millipore Corp., Bedford,
MA). Insoluble material was removed by centrifugation at 10,000g,
and protein concentration was determined by Lowry assay (Lowry
et al., 1951). Injections were usually performed with fusion protein
concentrations between 30 and 45 mg/ml, which was the limit of
solubility for many of these proteins. A GST fusion protein
containing the SH2 domain of murine c-abl was a generous gift
from Dr. Bruce J. Mayer (Rockefeller University) and was prepared
as above.
Microinjection and [Ca21]i Measurements
Eggs were deposited on a poly-L-lysine-coated coverslip and
microinjected with KPS buffer (control) or KPS buffer containings of reproduction in any form reserved.
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255Role of Fyn in Calcium ReleaseGST fusion proteins 45–60 min prior to egg activation. Microelec-
trode procedures and fluorimetric monitoring of [Ca21]i were simi-
ar to those previously published (Buck et al., 1994). The [Ca21]i was
ontinuously monitored by the 340/380 fluorescence ratio in eggs
oaded with 20 mM Fura-2 (Molecular Probes, Eugene, OR), which
as injected after 30–45 min of the preincubation period. The
40/380 fluorescence ratio was collected at 2 Hz and calibrated by
etermining Rmin and Rmax (Grynkiewicz et al., 1985). The latent
eriod was measured as the time between sperm–egg fusion and
nset of the Ca21 transient (Whitaker et al., 1989). Sperm–egg
usion was marked by a small step increase in [Ca21]i as a result of
Ca21 entry during the action potential (McCulloh and Chambers,
1992).
Affinity Adsorption of Fyn Binding Proteins
Samples of eggs (6 mg protein) were fertilized by addition of dry
sperm and incubated at 20°C for various periods of time, then 4
volumes of ice-cold PKME buffer was added and the eggs were
pelleted by centrifugation. The egg pellet was suspended in PLC
buffer supplemented with 100 mM Na3VO4 and 10 mM phenylars-
ine oxide and homogenized in a glass homogenizer with a Teflon
pestle. The homogenate was centrifuged at 100,000g for 5 min and
the cytosol fraction was collected. The particulate fraction was
then suspended in PLC solubilization buffer with 100 mM Na3VO4
and homogenized as above. After centrifugation at 100,000g for 15
in, the detergent soluble extract was collected. Purified, GST–
yn domain-specific fusion proteins (10 mg) were added to 1-ml
liquots of egg cytosol or detergent extract and then incubated with
entle agitation at 4°C for 1 h. Glutathione-agarose (Sigma) blocked
ith 1 mg/ml casein was then added and incubated a further 45
in. The glutathione-agarose and associated proteins were pelleted
y low-speed centrifugation and washed twice in solubilization
uffer and once in PLC buffer before enzyme assays or SDS–PAGE
nd Western blot using an antibody to PLCg (U.B.I., Lake Placid,
Y) at a 1:1000 dilution. Bound antibody was localized with
nti-mouse IgG–peroxidase and detected by ECL (Amersham-
harmacia Biotech, Arlington Heights, IL).
FIG. 1. Preparation of domain-specific GST fusion proteins from X
SH3, and SH2 domains were amplified by PCR using the primers li
used to express the fusion proteins. The primers listed include restr
molecular weights of the Fyn domain polypeptide sequences are inCopyright © 2000 by Academic Press. All rightPLC Assay
PLC activity was measured in 25 ml of PLC buffer containing 4
nmol of [3H]phosphatidylinositol 4,5-bisphosphate (Amersham)
(2.4 mCi/mmol) in a mixed micelle formed by 0.25% octylglu-
oside 1 0.1% deoxycholate (Wahl et al., 1989). CaCl2 was added to
stablish a free Ca21 concentration of 1.8 mM. The reaction was
carried out at 25°C for 1 h and then stopped by addition of 1 mg of
BSA followed by 200 ml of 10% TCA. The TCA-soluble material
was then counted in a scintillation counter.
RESULTS
Purification of GST Fusion Proteins Containing
Fyn Kinase Sequences
A schematic representation of the c-Fyn gene product and
the locations of primers used to produce the fusion proteins
used in this study are presented in Fig. 1. The primers listed
were used to amplify the indicated regions of the c-Fyn
clone isolated from X. laevis oocyte cDNA by Steele and
o-workers (1990). After ligation into the pGEX 4-T3 vector,
he DNA sequence of each fusion clone was confirmed.
hen each fusion protein was initially purified, the
-terminal amino acid sequence was confirmed after the
nserted sequence had been released from the GST by
hrombin digestion. The affinity-purified fusion proteins
esolved by SDS–PAGE are seen in Fig. 2. Purity was
atisfactory for all of the proteins except the GST–Fyn-U,
hich was unusually sensitive to proteolysis and always
xhibited some level of degradation. To compensate for
his, the percentage degradation of GST–Fyn-U was esti-
ated from Coomassie-stained gels and this value was used
o correct the protein concentration obtained by Lowry
ssay so that it would more accurately reflect the amount of
ndegraded protein.
is c-fyn cDNA. Regions of c-fyn sequence encoding the U, U1SH3,
and then ligated into the pGEX-4T-3 expression vector, which was
n sites incorporated to facilitate directional ligation. The predicted
ted at right.. laev
sted
ictio
dicas of reproduction in any form reserved.
increase in the percentage of eggs that became polyspermic
after insemination. As seen in Fig. 3, eggs injected with this
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256 Kinsey and ShenMicroinjection of Fyn Domain-Specific Fusion
Proteins
In the first series of experiments, the role of Fyn in the
initial stages of egg activation was tested by injecting Fyn
fusion proteins into unfertilized eggs, then fertilizing them,
and monitoring the effect on development. Injected eggs
were allowed to recover for 45–60 min before sperm were
added to the culture dish. Microscopic examination of eggs
revealed that the GST–Fyn-SH2 protein caused a striking
FIG. 2. SDS–PAGE analysis of affinity-purified fusion proteins.
The fusion proteins described in Fig. 1 were expressed in bacteria
and affinity purified using a glutathione-agarose column, then
concentrated, and dialyzed. The purified samples were resolved on
a 12% polyacrylamide gel and stained with Coomassie blue.
Samples are GST only (GST), GST–Fyn-U (U), GST–Fyn-U1SH3
(U1SH3), GST–Fyn-SH3 (SH3), GST–Fyn-SH2 (SH2), and GST–Src-
U1SH3 (S-U1SH3). The positions of molecular weight standards
are indicated in kDa at left.
FIG. 3. Microinjection of GST–Fyn-SH2 causes polyspermy. Noma
a sham injection (A) or after injection of GST–Fyn-SH2 (B) at a final
A) and 90 min (B) postinsemination. The GST–Fyn-SH2 injected e
polyspermic egg and were photographed at 90 min postinseminaCopyright © 2000 by Academic Press. All rightusion protein often had multiple sperm nuclei visible.
hese polyspermic eggs appeared viable, developed mul-
iple spindle poles, and proceeded to attempt partial cleav-
ge although at a slower rate than eggs injected with the
ontrol GST protein. Propidium iodide staining demon-
trated that these structures were indeed nuclei and not a
embrane vesicle artifact or injection scar (not shown). To
ule out the possibility that the effect on polyspermy was
ue to low abundance contaminants in the affinity-purified
rotein preparation, several experiments were performed
ith GST–Fyn-SH2 that had been repurified by chromatog-
aphy on a hydroxyapatite HPLC column. The highly puri-
ed fusion protein had the same polyspermy-inducing ac-
ivity as the affinity-purified material even though multiple
ow-abundance contaminants had been removed.
Quantitation of the results of a large series of injections of
ggs from both L. variegatus and L. pictus is presented in
ig. 4. Injection of the GST protein itself caused a small
ncrease in the frequency of polyspermy, probably reflecting
onspecific effects of the injection process. Eggs injected
ith the GST–Fyn-U or GST–Fyn-SH3 fusion protein ex-
ibited a frequency of polyspermy that was not different
rom that of the GST control group. However, injection of
he GST–Fyn-U1SH3 fusion protein resulted in increased
requency of polyspermy (approx 25%) which was statisti-
ally different from the GST-injected eggs (P , 0.001). The
most significant effect was observed in eggs injected with
the GST–Fyn-SH2 protein, which consistently caused over
50% of the eggs to become polyspermic, a level that was
significantly greater than that of GST controls (P , 0.001).
As an additional control, we injected eggs with the GST–
Src-U1SH3 fusion protein that we prepared from the Xeno-
pus sequence and the GST–Abl-SH2 fusion protein (Mayer
et al., 1991). The U1SH3 region of Src is similar in size to
that of Fyn but has low sequence homology to Fyn, particu-
differential interference microscopy of L. pictus eggs fertilized after
entration of 300 mg/ml. The control eggs were photographed at 60
ere slower in developing the multiple cleavage furrows typical ofrski
conc
ggs w
tion.s of reproduction in any form reserved.
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257Role of Fyn in Calcium Releaselarly in the N-terminal region. The Abl SH2 domain is
structurally similar to that of Fyn, but its phosphopeptide
binding properties exhibit markedly different specificity for
the peptide sequences flanking the central tyrosine residue
(Songyang et al., 1993). As seen in Fig. 4, the frequency of
polyspermy in eggs injected with the GST–Src-U1SH3
fusion protein or the GST–Abl-SH2 fusion protein was
similar to that of eggs injected with GST and was not
statistically different from that of the control group (P 5
.38 and 0.44). The fact that only fusion proteins contain-
ng domains of the Fyn kinase caused an increase in the
requency of polyspermy suggests that Fyn plays a unique
ole in signaling pathways leading to the block to
olyspermy. The U, SH3, and SH2 domains of Fyn are all
nvolved in protein–protein interactions, so it is not surpris-
ng that fusion proteins containing the U1SH3 and SH2
omains have an effect on Fyn function in vivo. However,
he GST–Fyn-SH2 fusion protein was by far the most potent
n inducing polyspermy, indicating that the SH2 domain of
yn is critical to establishing the polyspermy block.
The concentration dependence of the polyspermy-
nducing effect of GST–Fyn-U1SH3 and GST–Fyn-SH2 is
resented in Fig. 5. Our ability to inject high protein
oncentrations was limited by the tendency of these fusion
roteins to aggregate. However, it is clear that cytosolic
FIG. 4. Quantitation of the frequency of polyspermy in eggs
injected with GST–Fyn fusion proteins. Eggs from L. pictus or L.
variegatus were injected with various fusion proteins as described
under Materials and Methods, then fertilized, and allowed to
develop. Final intracellular concentrations (approximately equimo-
lar) were GST (200 mg/ml), GST–Abl-SH2 (300 mg/ml), GST–Fyn-U
350 mg/ml), GST–Src-U-SH3 (350 mg/ml), GST–Fyn-U-SH3 (350
mg/ml), GST–Fyn-SH3 (280 mg/ml), and GST–Fyn-SH2 (300 mg/ml).
he incidence of polyspermy was determined by microscopic
xamination between 90 and 120 min postinsemination. Values
epresent the % of injected eggs that were polyspermic 6 SEM. The
umber of injected eggs is indicated within each bar.Copyright © 2000 by Academic Press. All rightoncentrations above 1000 mg/ml, the onset of the cortical
eaction was very slow and many eggs failed to activate at
ll despite the presence of numerous sperm in the cyto-
lasm. The GST–Src-U1SH3 and GST–Abl-SH2 fusion pro-
eins used as controls did not induce high levels of
olyspermy at any of the concentrations tested.
Effect of the GST–Fyn Fusion Proteins on Calcium
Release
The slow block to polyspermy results from modification
of the egg surface by cortical vesicle enzymes that are
deposited extracellularly by a wave of exocytosis (cortical
reaction). The cortical reaction, in turn, is triggered by a
wave of intracellular free Ca21 released from internal stores
n response to InsP3 (Lee and Shen, 1998). In order to test for
role for Fyn in triggering the Ca21 transient during
fertilization, we evaluated the effect of these fusion pro-
teins on the timing and extent of Ca21 release at fertiliza-
tion. Increasing concentrations of GST–Fyn-SH2 protein
increased the latent period and reduced the increase in
[Ca21]i during fertilization (Fig. 6). At cytosolic concentra-
tions of 300–500 mg/ml, Fyn SH2 significantly (P , 0.001)
increased the latent period from 13 s for control fertilization
to nearly 35 s and decreased the peak amplitude of the Ca21
FIG. 5. Concentration dependence of polyspermy effect. Eggs
were injected with different concentrations of fusion proteins and
then fertilized and the subsequent level of polyspermy was quan-
titated. The final concentrations of fusion proteins in the ooplasm
are indicated on the x axis. Values represent the averages of three
experiments 6 SEM. The injected fusion proteins are GST (F),
GST–Abl-SH2 (n ), GST–Src-U1SH3 (), GST–Fyn-SH2 (), and
GST–Fyn-U1SH3 (E).s of reproduction in any form reserved.
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258 Kinsey and Shenresponse to less than 50% of that in control eggs (Table 1).
At very high cytosolic concentrations of 800–1200 mg/ml,
yn SH2 proteins prevented any significant rise in [Ca21]i in
hree of nine recordings and in the other six eggs the Ca21
response was delayed on average nearly 5 min with a mean
peak [Ca21]i of only 302 nM. In the three recordings that
lacked a Ca21 transient only small step-like rises in [Ca21]i
were observed. The inhibitory activity was specific to
FIG. 6. GST–Fyn-SH2 fusion protein inhibited the Ca21 response
n L. pictus eggs during fertilization. The eggs were injected with
PS buffer (control) or GST–Fyn-SH2 at final concentrations of 0.4
r 1.2 mg/ml 30–45 min prior to injection of 20 mM Fura-2 and
ubsequent insemination. The individual recordings of the Ca21
response during fertilization were aligned (marked by “S”) at the
time of the first step increase in [Ca21]i. Eggs preloaded with
GST–Fyn-SH2 protein had a significantly delayed Ca21 response,
which was also significantly reduced in peak amplitude. The small
deflections prior to fertilization were due to the addition of sperm
in the bath. Breaks in the recordings are due to visual inspections
of the eggs.
TABLE 1
Effect of GST Fusion Proteins on the Ca21 Transient in L. pictus E
Treatmenta Resting [Ca21]i (
Control (15)c 96.9 6 17.3
Fyn SH2
0.3–0.5 mg/ml (9) 87.6 6 25.5
0.8–1.2 mg/ml (9) 103.1 6 17.3
Abl SH2, 2 mg/ml (4) 99.8 6 9.4
Control (14)e 92.9 6 15.9
Fyn U1SH3, 1–1.5 mg/ml (9) 93.6 6 16.0
Src U1SH3, 1.2–1.6 mg/ml (5) 101.4 6 13.2
a Eggs were injected with buffer alone (control) or buffer with
subsequent fertilization.
b Time between sperm–egg fusion and onset of the Ca21 transi
c Number of recordings.
d Mean 6 standard deviation.
e Control (buffer injection) recordings made in conjunction wit
*P , 0.01 compared to that of control recordings.
**P , 0.001 compared to that of control recordings.Copyright © 2000 by Academic Press. All rightfertilization (Table 1).
In order to determine if the inhibitory action of Fyn SH2
fusion proteins occurred upstream of the production of
InsP3, we tested the ability of the GST–Fyn-SH2 protein to
nhibit calcium release in eggs injected with exogenous
nsP3. As seen in Table 2, even very high cytosolic levels of
ST–Fyn-SH2 (1000 mg/ml) had no effect on InsP3-induced
calcium release. This indicates that the Fyn kinase acts
upstream of the interaction of InsP3 with its receptor.
While InsP3 production at fertilization is thought to
result largely from the action of PLCg, the fact that GTPgS
an induce a calcium transient suggests that a PLCb may
lso be active in the egg (Crossley et al., 1991). Injection of
GST–Fyn-SH2 at very high concentrations (1000 mg/ml) had
bsolutely no effect on the latent period of the GTPgS-
nduced calcium transient (Fig. 7), although the amplitude
as significantly reduced (Table 2 and Fig. 7). The fact that
ven very high concentrations of the Fyn SH2 domain failed
o increase the latent period in GTPgS-injected eggs (as was
observed in fertilized eggs) indicates that the Fyn kinase
plays no role in pathways activated by GTPgS that initiate
calcium release. However, the effect of the GST–Fyn-SH2
protein on the amplitude of calcium release by GTPgS (and
by cGMP as seen below) was statistically significant. This
would seem to indicate that once calcium release has been
initiated, there is a second step involving Fyn kinase that
affects the amplitude of the calcium response and is com-
mon among the fertilization-activated PLCg pathway and
the GTPgS-activated PLCb pathway (see Discussion).
While the above experiments address the role of Fyn in
nsP3-induced calcium release, it must be remembered that
he sea urchin egg also has the ability to release calcium in
uring Fertilization
Peak [Ca21]i (mM) Latent period (s)b
2.17 6 0.43 13.0 6 4.4
0.89 6 0.24** 34.9 6 7.3**
0.30 6 0.12** 301.7 6 124.9**
2.07 6 0.12 10.5 6 3.2
1.86 6 0.22 10.8 6 3.8
2.19 6 0.29* 16.7 6 5.3*
2.40 6 0.33* 12.2 6 1.7
fusion protein 30–45 min prior to injection of 20 mM Fura-2 and
SH3 recordings.nM)
d
GST
ent.
h U1s of reproduction in any form reserved.
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Effect of 1 mg/ml Fyn SH2 on Peak [Ca21]i Response in L. pictus Eggs to Ca21 Release Agonists
F
T
259Role of Fyn in Calcium Releaseresponse to cGMP, which induces the production of cyclic-
ADP ribose (Galione et al., 1993). To test for a role for Fyn
in the cGMP-induced egg activation pathway, eggs were
preloaded with GST–Fyn-SH2 at 1000 mg/ml and then
injected with cGMP at a cytosolic concentration of 20 mM.
he GST–Fyn-SH2 protein had no effect on the latent
eriod between cGMP injection and Ca21 release (Table 2);
owever, these eggs did exhibit slightly reduced (P , 0.02)
eak [Ca21]i response to cGMP. The fact that very high
concentrations of GST–Fyn-SH2 had no effect on the latent
period and only a minor effect on the amplitude of Ca21
release induced by cGMP indicates that the Fyn kinase
plays little role in the cGMP-induced pathway.
The effect of the GST–Fyn-U1SH3 fusion protein on
calcium release was also tested since this fusion protein
was capable of causing polyspermy (Fig. 4). In nine paired
egg recordings from three different females, eggs preloaded
with 1000–1500 mg/ml GST–Fyn-U1SH3 protein consis-
ently exhibited a longer latent period and greater peak
Ca21]i than that of the fertilization response in control-
injected eggs (Fig. 8). The effects of Fyn U1SH3 were not as
striking as those obtained with the GST–Fyn-SH2 protein,
2 mM InsP3
Controla 2.75 6 0.58 mM (10)b
Fyn SH2, 1 mg/ml 2.70 6 0.48 mM (10)
a Eggs were injected with buffer alone (control) or buffer with Fy
ura-2 and subsequently with calcium release agonist.
b Mean 6 standard deviation (number of recordings).
*P , 0.02 compared to that of control recordings.
**P , 0.01 compared to that of control recordings.
FIG. 7. GST–Fyn-SH2 fusion protein inhibition of the Ca21 re-
sponse to GTPgS. The eggs were injected with KPS buffer (control)
or 1 mg/ml GST–Fyn-SH2 protein 30–45 min prior to injection of
20 mM Fura-2 and subsequent injection of 200 mM GTPgS (arrow).
he initial rise in [Ca21]i was due to the injection and [Ca21]i
returned to near resting levels before the onset of the GTPgS-
mediated Ca21 response.Copyright © 2000 by Academic Press. All rightut were statistically significant compared with control
ecordings made in eggs from the same female (Table 1).
ggs injected with the GST–Src-U1SH3 protein revealed no
hange in the latent period (Fig. 8), but the amplitude of
alcium release was also significantly increased (Table 1).
he differing effects of the Fyn U1SH3 and Src U1SH3
domains on the latency of the calcium release would
explain the effect of these proteins in causing polyspermy
and indicate that the Fyn U1SH3 domain acts through a
mechanism similar to that of the Fyn SH2 domain during
the period between sperm–egg fusion and the beginning of
calcium release. The effect of the U1SH3 domain on the
amplitude of the calcium response does not resemble the
effect of the Fyn SH2 domain, indicating that only the SH2
domain of Fyn is involved in events contributing to the
amplitude of calcium release (see Discussion).
In summary, both the U1SH3 and the SH2 domain of Fyn
caused a dose-dependent increase in the latent period lead-
20 mM cGMP 200 mM GTPgS
1.60 6 0.27 mM (8) 1.81 6 0.53 mM (6)
1.26 6 0.05 mM (6)* 0.92 6 0.11 mM (5)**
2 fusion protein at 1 mg/ml 30–45 min prior to injection of 20 mM
FIG. 8. GST–Fyn-U1SH3 fusion protein effects on the Ca21
transient during fertilization. The eggs were injected with KPS
buffer (control) or 1.5 mg/ml of either GST–Fyn-U1SH3 protein
(fyn (U1SH3)) or GST–Src-U1SH3 protein (src (U1SH3)). After a
30- to 45-min recovery period, the eggs were injected with 20 mM
Fura-2 and inseminated. The individual recordings of the Ca21
response during fertilization were aligned (marked by “S”) at the
time of the first step increase in [Ca21]i at T 5 10 s. In these
recordings the Ca21 transient initiated 10 and 11 s later in src
(U1SH3) and control eggs, respectively. The Ca21 transient initi-
ated 19 s later in the fyn (U1SH3) egg.n SHs of reproduction in any form reserved.
ing up to the sperm-induced calcium transient, which
delays the onset of the block to polyspermy and thereby
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260 Kinsey and Shenallows multiple sperm to fertilize the egg. In addition, the
SH2 domain of Fyn caused significant reduction of the
amplitude of the Ca21 transient during fertilization, which
ould further compromise the block to polyspermy. Fi-
ally, high levels of Fyn SH2 fusion protein also reduced the
mplitude of the Ca21 response to both cGMP and GTPgS,
uggesting that Fyn may play a role in amplifying the
alcium release once it has been initiated by these path-
ays as well.
Fyn Domain-Specific Fusion Proteins Bind PLCg
in Egg Extracts
The effect of the GST–Fyn-SH2 domain on the sperm-
induced calcium transient suggested that one function of
Fyn might be to regulate the activity of a phospholipase C
that is activated by fertilization. Experiments in other
systems have demonstrated that the N-terminal region of
Fyn forms a stable interaction with PLCg (Pleiman et al.,
993). In order to determine whether the Fyn fusion pro-
eins could interact with PLCg from the sea urchin egg, we
sed the above fusion proteins as affinity reagents to bind
LCg in detergent extracts prepared from L. pictus eggs.
etergent extracts were prepared from the particulate frac-
ion of eggs that were homogenized at 45 s postinsemina-
ion, and aliquots were incubated with the individual
usion proteins in solution. The fusion proteins and associ-
ted egg proteins were then bound to glutathione-agarose
esin and recovered by centrifugation (see Materials and
ethods). The resin was washed extensively and then
ssayed for phospholipase C activity. As seen in Fig. 9, only
he GST–Fyn-U1SH3 and the GST–Fyn-SH2 proteins
ound significant PLC activity. To establish that this PLC
ctivity was due to PLCg, we analyzed similar samples by
DS–PAGE and Western blot using a monoclonal antibody
o PLCg known to recognize this enzyme in the sea urchin
egg (De-Nadai et al., 1998). As seen in Fig. 10, both the
GST–Fyn-U1SH3 and the GST–Fyn-SH2 proteins bound
PLCg. Controls including GST, GST–Src-U1SH3, and
GST–Abl-SH2 fusion proteins bound little or no PLCg. In
all experiments, the relative amount of PLCg bound by the
GST–Fyn-U1SH3 protein was consistently higher than that
bound by an equivalent amount of the GST–Fyn-SH2 pro-
tein. This probably reflects the fact that SH2 domains
usually require a phosphotyrosine residue for high-affinity
binding, whereas SH3 domains do not. It is likely that only
a percentage of the total PLCg population is phosphorylated
nd would be able to interact with the SH2 domain of Fyn,
lthough we have not tested that directly as yet.
DISCUSSION
Several approaches have been used to work out the
specific functions of protein tyrosine kinases in differentCopyright © 2000 by Academic Press. All rightell types and in recent years, many of these approaches
ave been applied to the fertilization system. Early work
sing chemical PTK inhibitors or activators provided a
ertain amount of information (Wright and Schatten, 1995;
oore and Kinsey, 1995; Ueki and Yokosawa, 1997; Glahn
t al., 1999; Shen et al., 1999) demonstrating a requirement
for PTK activity in pronuclear migration, resumption of the
cell cycle, and cytokinesis. Expression and activation of
exogenous PTKs, such as the PDGF receptor (Shilling et al.,
1994), demonstrated that elevated PTK activity could trig-
ger a calcium transient and activate the sea urchin or
starfish egg and this has been confirmed by microinjection
of an active N-terminal deletion mutant of c-Src (Giusti et
al., 2000).
Recently, PTK function has been studied by using SH2
and SH3 domains expressed as fusion proteins with GST to
inhibit the function of Src family PTKs both in vivo and in
vitro. This approach relies on the fact that the specificity of
Src-family PTKs is enhanced through protein–protein inter-
actions involving the N-terminal U, SH3, and SH2 domains
of the PTK. These domains interact with upstream regula-
tory components, associated docking proteins, and protein
substrates to be phosphorylated (Shalloway and Taylor,
1997). Individually, the specificity of the SH2 and SH3
domains among Src-family members is certainly not abso-
lute (Panchmoorthy et al., 1994; Cheadle et al., 1994;
Bradshaw and Waksman, 1999). However, while there may
be ambiguity in the specificity of a given PTK domain, the
summation of the specificities of all of the domains to-
gether could be sufficient to supply the needs of a special-
FIG. 9. PLC activity binds GST–Fyn-U1SH3 and GST–Fyn-SH2
fusion proteins. Detergent extracts prepared from eggs 60 s post-
fertilization were incubated with the indicated fusion proteins as
described under Materials and Methods, then the GST complexes
were absorbed to glutathione-agarose affinity resin and washed by
centrifugation. Bound PLC activity was then measured. Values
represent the averages of triplicate determinations from the same
batch of eggs 6 SEM.s of reproduction in any form reserved.
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261Role of Fyn in Calcium Releaseized cell. The central importance of these protein–protein
interactions to PTK function has made possible the use of
artificial fusion proteins containing these domains to com-
pete with the endogenous PTK for protein–protein interac-
tions necessary for successful signal transduction (Chuang,
1994; Roche et al., 1995; Bar-Sagi et al., 1993). Studies in
ocytes (Muslin et al., 1993; Katzav et al., 1995) and mature
eggs (Carroll et al., 1999) have demonstrated that this
approach can be used in the fertilization system. Another
microinjection study using the SH2 domain of various Src
family kinases has implicated a role for this family of
kinases in triggering the calcium transient in starfish and
sea urchin eggs (Giusti et al., 1999b; Abassi et al., 2000).
In the present study, we sought to elucidate the function
f the Fyn PTK in egg activation. We constructed fusion
roteins containing the U, U1SH3, SH3, and SH2 domains
f Fyn-B cloned from Xenopus oocytes. Microinjection
tudies revealed that the SH2 domain and, to a lesser
xtent, the U1SH3 domain of Fyn could interfere with the
bility of the egg to mount a successful block to
olyspermy. The specificity of this effect was demonstrated
y the lack of effect of the GST protein, as well as the
ndividual U and SH3 domains. Additionally, the U1SH3
omain of Src and SH2 domain of c-Abl had no effect. The
ffect on polyspermy suggested that these fusion proteins
ight be acting to interrupt the sperm-induced calcium
ransient, which triggers the cortical reaction and subse-
FIG. 10. PLCg binds to GST–Fyn-U1SH3 and GST–Fyn-SH2.
Combined immunoprecipitation and Western blot analysis was
used to identify PLCg in the detergent extracts prepared from
fertilized eggs. Extracts were incubated with either a control mouse
IgG (A) or a monoclonal antibody to PLCg (B) and the immunopre-
ipitates were analyzed by SDS–PAGE and Western blotting using
he monoclonal antibody to PLCg. The PLCg immunoprecipitated
from the egg extract by an anti-PLCg monoclonal antibody has an
pparent MW of 143 kDa (B). Western blot analysis of the egg
roteins that bind to GST (C) or the fusion proteins GST–Fyn-
1SH3 (D), GST–Fyn-SH2 (E), GST–Src-U1SH3 (F), and GST–Abl-
H2 (G) reveals the presence of PLCg in lanes (D) and (E) and to a
esser extent in (F).Copyright © 2000 by Academic Press. All righthat both the SH2 domain and the combined U1SH3
omain of Fyn caused a delay in initiation of the calcium
ransient at fertilization. It is easy to see how these domains
f the Fyn kinase, by delaying the onset of the calcium
ransient, could retard the block to polyspermy and allow
dditional sperm to enter the egg. Significantly, the action
f Fyn fusion proteins on the latent period was observed
nly in eggs activated by sperm and not by parthenogenic
gents such as GTPgS and cGMP. This suggests that the
fertilizing sperm activates a series of biochemical events
involving the Fyn kinase (but not PLCb or cADPr) which
are amplified during the latent period and eventually reach
a threshold level that triggers calcium release.
While both the Fyn U1SH3 region and the SH2 domain
cause a delay in the events leading to the earliest stages of
calcium release, the SH2 domain also has the capacity to
suppress the amplitude of calcium release. This indicates
that Fyn kinase participates in a complex mechanism
controlling the timing of the calcium transient as well as
the degree to which calcium can accumulate in the cyto-
plasm. The reduction of the amplitude of fertilization-
induced calcium release was a specific property of the Fyn
SH2 domain, or at least of SH2 domains from Src family
PTKs, as the Abl SH2 domain had no effect even at very
high cytoplasmic concentrations. Similar results were re-
cently reported in a survey of Src family SH2 domains
(Abassi et al., 2000). The effect of the SH2 domain on the
amplitude of calcium release was apparent at cytosolic
concentrations between 100 and 300 mg/ml in fertilized
eggs. At higher concentrations (1000 mg/ml) the Fyn SH2
domain could also reduce the amplitude of calcium tran-
sients induced by GTPgS and, to some extent, by cGMP,
but not by InsP3. This suggests that a component of the
alcium transient induced by GTPgS and cGMP involves a
mechanism sensitive to inhibition by the Fyn SH2 domain.
One possible scenario is that as calcium is released during
the GTPgS- or cADPr-induced transient, it activates PLCg,
which is highly sensitive to calcium (Rongish et al., 1999).
The action of PLCg would then contribute to the amplitude
of the calcium transient initiated by PLCb. If the calcium-
induced activation of PLCg were compromised by the Fyn
H2 domain, then partial inhibition of the GTPgS-induced
calcium transient would result.
In order to determine whether Fyn kinase might affect
calcium release in the egg through an interaction with
PLCg, we tested whether Fyn could form a complex with
LCg as has been demonstrated in other cell types. There is
ome controversy as to the interactions that occur between
rc family PTKs and the PLCg enzyme. One study using
fusion proteins as affinity reagents has shown that the U
domain of Fyn is required for binding of PLCg in vitro.
hese in vitro studies were confirmed by coimmunopre-
ipitation of PLCg with chimeric versions of Src containing
he N-terminal residues (1–10) of Fyn in 3T3 cells (Pleiman
t al., 1993). A different study demonstrated an interactions of reproduction in any form reserved.
of the SH2 domain of PLCg with tyrosine-phosphorylated
c-Src and v-Src (Nakanishi et al., 1993), although there is no
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during the latent period leading to the initiation of the
calcium transient. In addition, the Fyn SH2 domain plays a
262 Kinsey and Shenevidence that this interaction activates PLCg as occurs
following interaction with activated PDGF receptor (Ji et
al., 1999). In the present study, we found that the U1SH3
domain as well as the SH2 domain of Fyn could bind PLCg
in detergent extracts of eggs. The U1SH3 domain of Src
bound levels of PLCg that were much lower than that
bound by Fyn domains. This indicates that Fyn would be
capable of forming a complex with PLCg in vivo and
uggests that Fyn plays a role in regulating the activity of
LCg. Our finding that the U1SH3 domain of Fyn binds
LCg most strongly is consistent with earlier studies map-
ing the interaction between Fyn and PLCg using truncated
forms of the Fyn gene (Pleiman et al., 1993); however, we
did not observe significant binding to the U domain alone.
This apparent discrepancy could be explained by the fact
that the earlier study used a series of deletion constructs of
Fyn to generate their fusion proteins and chimeric proteins.
At no time did they test the ability of the U domain alone
to bind PLCg. We find that neither the U domain nor the
H3 domain alone is capable of interacting with PLCg, but
that the combined domains bind PLCg quite effectively.
Apparently, regions of both U and SH3 participate in the
interaction with PLCg, or the SH3 domain may provide a
favorable conformation for the U domain to interact with
the phospholipase. The significance of this interaction is
reinforced by the observation that neither the U nor the
SH3 domain alone could cause significant polyspermy
when injected into eggs, while the U1SH3 domain did have
a significant effect.
Our observation that the SH2 domain of Fyn could also
bind PLCg is a new finding. The relative level of PLCg
protein bound by the SH2 domain was substantially less
than that bound by the U1SH3 domains and there are
several possible explanations for this. One possibility is
that the Fyn SH2 interacts only with that pool of PLCg that
is tyrosine phosphorylated. A second possibility is that the
Fyn SH2 domain interacts with a docking protein that, in
turn, binds PLCg at a low stoichiometry. Future studies
analyzing the egg components bound by these fusion pro-
teins and the phosphorylation state of PLCg bound in these
xperiments may resolve this issue.
While our work focused on the interaction between the
yn U1SH3 and SH2 domains and PLCg, a recent study has
also demonstrated that the tandem SH2 domains of bovine
PLCg can bind a Src family PTK from starfish eggs once
hey have been fertilized (Giusti et al., 1999b). While
eemingly contradictory, these results could be explained
y a complex between Fyn (or other Src family PTK), PLCg,
nd one or more docking proteins in the egg. Interruption of
H2 interactions of either PLCg or Fyn could then interfere
with the activation of PLCg.
In summary, the results of the present study demonstrate
a role for Fyn kinase in triggering calcium release during the
sperm-induced calcium transient. The U1SH3 region and
the SH2 domain of Fyn act as part of the signaling pathwayCopyright © 2000 by Academic Press. All rightrole in events controlling the amplitude of the calcium
transient. Based on in vitro binding studies, we conclude
that Fyn kinase probably acts through its interaction with
PLCg although interactions with other proteins are not
ruled out. The relative contribution of Fyn, Src, and other
Src family PTKs in controlling calcium release at fertiliza-
tion remains an important question.
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